ABSTRACT The aim of this paper is to propose new approaches using isolated doors to improve the efficiency of the operating system in a dangerous goods warehouse. Whether the design of isolation door is reasonable or not can be evaluated by four indicators, i.e., operational cost, time, efficiency, and safety. Technique for order preference by similarity to an ideal solution (TOPSIS)-hypercube segmentation method and hesitant fuzzy set algorithm are applied to make the evaluation more objective. Therefore, the leading innovation points are two kinds of decision-making models proposed and applied in the process of studying how to use isolation door reasonably, where the first one has no fixed indicator weight, whereas the second one has. Furthermore, the decision-making model using the isolated doors is verified by data collected from dangerous goods warehouse in Shanghai Port and 34 samples from the clients' storage capacity. The main characteristic of this paper is that with the rational use of isolated doors, the operational efficiency of stock in and stock out processes can improve as well as the logistics cost can be reduced. Finally, a comparison has been made between the proposed interconnected dangerous goods warehouse with isolated doors and the existing one, which indicates that the former one is more effective.
I. INTRODUCTION
Currently, in P. R. China, two-door monolayer warehouses are mainly used in the designs of existing dangerous goods warehouses. With the increasing demand for dangerous goods, the operational warehousing efficiency and dangerous goods storage need to be improved drastically. In this situation, dangerous goods warehouse with isolated doors is proposed in engineering fields. The schematic diagram of the warehouse is presented in Figure 1 . The left part of Figure 1 is the conventional two-door warehouse, while the right part is the interconnected warehouse with isolated doors. Compared with conventional monolayer ones, the interconnected dangerous goods warehouse is equipped with a push-pull isolated door between original two-door warehouses. In practical use, clients have rights to determine whether the isolated doors to be utilized according to storage requirements and the number of forklifts. With storage conditions given, a variety of storage schemes can be designed applying isolated doors. The application scheme of the proposed warehouse can be evaluated and optimized so that it will improve the overall benefits for the storage company, the competitiveness of dangerous goods warehouse as well as the safety and efficiency of forklift operations.
To establish rules in use of isolation doors, the focal points of this paper are geometric design, the route planning in the process of stacking, operational cost (space, economic and time costs), and the safety of dangerous goods transportation. Recently, several studies focus on risk management and transportation of hazardous material, that analyzed the rail truck inter-modal transportation in two ways, i.e., the significant reduction in both delivery and lead-time uncertainty due to the schedule-based operation of inter-modal trains and a more efficient and cost-effective overall movement ensured by combining the best attributes of the two modes (see, Nozick and Morlok [1] ). Specifically, Mazzarotta [2] presented a quantitative risk analysis approach for dangerous goods transportation, where the risk mainly depended on the characteristics of hazardous goods. In June 2005, the US Federal Railroad Administration released a report which reviewed several previous studies on the safe placement of train cars (see, Federal Railroad Administration [3] ). After that, Saccomanno and El-Hage [4] proposed a method for minimizing derailments of railway cars which carried dangerous commodities through effective marshaling strategies.
As for the application of decision-making theory in traffic engineering, Chen et al. [5] proposed a multiple attribute decision making (MADM) model for an autonomous vehicle in an urban environment. Yang and Hung [6] used MADM methods for solving plant layout design problem. Hwang and Yoon [7] introduced novel methods and applications of MADM. Yang and Chou [8] solved a multipurpose simulation-optimization problem with discrete variables using an MADM method. Hwang and Yoon [7] proposed enhanced multiple inputs and outputs information classification method to address the limitations of existing MADM methods. The proposed MIO classification method considers the integrated fuzzy set theory, variable precision rough set theory and a modified cluster validity index function to filter out the uncertainty and inaccuracy inherent in the surveyed data-set. Recently, based on the classical distance measure proposed by Xu and Xia [9] , Peng et al. [10] proposed a generalized hesitant fuzzy synergetic weighted distance measure. Onar et al. [11] used hesitant fuzzy technique for order preference by similarity to an ideal solution (TOPSIS) method to choose the best strategy in strategic decision. Rodríguez et al. [12] presented an overview of HFSs to distinguish the different concepts, tools and trends related to this extension of fuzzy sets. Liao et al. [13] developed a series of distance and similarity measures for hesitant fuzzy linguistic term sets. Farhadinia [14] presented a brief study of existing HFS ranking techniques by emphasizing their counterintuitive examples and proposed a novel HFS ranking technique based on the idea of lexicographical ordering. Zhang et al. [15] proposed hesitant distance set on hesitant fuzzy sets and its applications in urban road traffic state identification.
In light of literature review above, we researched Shanghai Gangcheng Dangerous Goods Logistics Limited Company and further studied the regulations to apply the isolated doors in interconnected dangerous goods warehouses that can improve the operational efficiency and management level of warehouses.
The three critical technical innovation points are as follows. Firstly, the application framework of interconnected dangerous goods warehouse is established and the fundamental concepts on the proposed warehouses being used are provided. Secondly, a MADM method is proposed based on TOPSIS-hypercube segmentation method to optimize the storage selection problem and determine the indicator weights. Thirdly, a hesitant comprehensive attribute distance set algorithm with parameters is presented to optimize the storage planning when the indicator weights of the scheme are provided. For convenience, the rest part of this paper is arranged as follows. In section 2, we set up the optimization method when using the isolated doors in dangerous goods warehouse. In section 3, time, space, economic cost and safety are taken into consideration to refine the MADM model. In the case where the indicator weight vector is unknown, the TOPSIS-hypercube segmentation method is applied. More details on classical hypercube, please see Zhang and Yao [16] . Meanwhile, in the case where the weight vector is known, the heuristic comprehensive attribute distance set algorithm is utilized to sort the program set. In section 4 the application model of the isolated door is evaluated through simulating data points obtained from the Shanghai Port dangerous goods warehouse. In section 5 a summary is provided.
II. OPTIMIZATION METHODS OF USING ISOLATED DOORS IN INTERCONNECTED DANGEROUS GOODS WAREHOUSE
To improve the efficiency of dangerous goods warehouse management, this study puts forward the concept of interconnected dangerous goods warehouse, where the conventional dangerous goods warehouse is made interconnected with the installation of a pull-push isolated door and the original warehouse space is then denoted as a single room. To ensure safety operation, we developed a set of principles on the application of isolated doors. Firstly, whether the isolated door is applied depends on the client's storage demands and the number of forklifts available. Secondly, to avoid accidents in the forklift operations, the forklift can only drive in a clockwise direction in the warehouse, and there can't be two or more forklifts operating in each room at the same time. Thirdly, since the warehousing process of dangerous goods includes manual operations such as packing, stacking, loading and unloading, etc., a principle is formulated where ''the algorithm is used to determine the set of forklift routes, while the order of the forklift operations is confirmed or modified by the management officer on site''.
The key to design an interconnected dangerous goods warehouse is to determine the number of opening isolated doors appropriately. Generally, the conventional two-door warehouse has larger storage space, while there is only a single stock in and stock out warehousing process occurring at any point in time, causing low operational efficiency and difficult coordination in use of the equipment. In contrast, the interconnected dangerous goods warehouse reduces the average storage space of a warehouse, but the warehouse operational efficiency and management is improved.
III. APPLICATION DECISION MODEL OF THE ISOLATED DOOR IN THE INTERCONNECTED DANGEROUS GOODS WAREHOUSE A. BASIC TERMINOLOGIES
To ensure the forklift's operational safety, we regulate that the forklift should be operated in a clockwise direction and there is no more than one forklift in each room. Under these constraints, the route of the forklift ought to be as diverse as possible. When efficiency is considered, closed-loops are the best choices which have the most significant distance. In addition, parameters mentioned below are defined as follows. (i) The rent fee standard of dangerous goods warehouse is gained by field research in Shanghai, China; (ii) the space cost of different storage schemes depends on the number of warehouse rooms used and warehouse fees; (iii) the time cost of operation equals to the sum of running time of the forklift and the external container truck movement time under the given relative fixed speed; (iv) the economic cost of forklift operation is determined by the total length of the forklift operating path in the warehouse multiplying the current oil price.
For convenience, let C i denotes stock in a container, d denotes the number of stock in warehouse door, i = 1, 2, · · · , d. Assume that the number of stock in points C i is n, denoted as p 1 , p 2 , · · · , p n and N = {1, 2, · · · , n}, the entire warehouse operations can be denoted with n number of stock in routes. If a forklift moves off from C 1 , through the path l C 1 ,p i to deliver the goods from C 1 to the designated p i (i ∈ N ), and finally moves l C 1 ,p i back to C 1 . A return pathway of the above stock in the route is denoted as S c 1 ,p i . The route of container truck moving off C i to C j is denoted as S c i ,c j . Suppose there are m plans for warehouse use, the attributes are time cost denoted as f 1 :, space cost f 2 :, economic cost f 3 :, and transportation safety f 4 :. Let X = {x 1 , x 2 , · · · , x m } as a scheme set, F = {f 1 , f 2 , f 3 , f 4 } as an attribute set. Let the attribute weight vector set represents the attribute value of the scheme x h . The specific decisionmaking indexes are as follows.
(i) Let c th denotes the time cost value, v 1 , as the forklift's speed, v 2 , as the speed of the container truck and e h as the number of forklift of the scheme x h . The formula of c th is obtained as
(ii) Let c sph denotes the space cost value, a as the warehouse rent of the day, t h as the number of warehouse rooms used by the scheme x h . Thus, C sph = at h . (iv) Let c sah denotes the similarity index between forklift routes. The formula can be written as
B. THE MODEL IN APPLYING THE ISOLATED DOOR WITH UNKNOWN PRIORITY INDICATOR WEIGHTS
When the weight information of the priority indicator is not given, this paper considers the weight vector W = (w 1 , w 2 , w 3 , w 4 ) to be a random element in VOLUME 7, 2019 
When the sum of its components is not 1, it can be normalized. Therefore, it can be considered to be equivalent to an element with the sum of its value as 1. The advantage of using the hybrid model of the TOPSIS and hypercube segmentation is that it can easily normalize data and compare them. The implementation of TOPSIS-Hypercube segmentation method is proposed as follows. Firstly, the negative ideal value is obtained for a given warehousing scheme under each indicator after considering that the attribute values of the decision problem are cost-based. Secondly, the weight vector set is obtained by applying the method of classical hyper-cube segmentation. Thereafter, we calculate the weighted distance value between each scheme and the negative ideal value and then compute the best scheme corresponding to each weight vector by comparing it respectively to the distance values. Finally, through analyzing the number of weight vectors that support each scheme, we rank the storage schemes to achieve the best one. Specific decision making steps are introduced as follows.
Step 1: Let w i = [0, 1](i = 1, 2, 3, 4) and divide it equally into t parts according to the requirements of the client, where each point of division is part of a set {0,
The set of these weight vectors is recorded as P.
Step 2: Due to the uncertainty of space and economic cost as the warehouse rent and oil price are unstable, let ω 1 , ω 2 be the adjustment factors for space and economic cost.
Then, by field study, the decision matrix is obtained as
Step 3: Calculate the ideal negative point of the storage scheme set as
Moreover, the distance between each decision scheme and the ideal negative point is obtained as
Step 4: Let ω 1 = ω 2 = 1, and calculates the corresponding C ik for each weight obtained by hypercube segmentation.
In this step, the comprehensive attribute relative distance value under different weight vectors is obtained. Next, the number of weight vectors that satisfy the best scheme is counted and then rank the set of schemes to determine the best solution after adequate comparison.
Step 5: Perform a sensitivity analysis for ω 1 , ω 2 . Given the adjustment interval for ω 1 , ω 2 , the comprehensive attribute relative distance value (CARD) under different weight vectors for each scheme is calculated. A trend analysis of CARD under different adjustment factors is acquired.
Step 6: Compare the decision results with the conventional TOPSIS MADM method.
C. THE MODEL IN APPLYING THE ISOLATED DOOR WITH KNOWN PRIORITY INDICATOR WEIGHTS
With the priority indicator weight information given, the hesitant fuzzy set is applied to rank the scheme set. The advantage of HFS is that it can easily aggregate multi-source information. Specific steps as follows.
Step 1: Considering the instability of oil prices and warehouse fees and the same attributes have different values under the same scheme, the definition of hesitant fuzzy set is made full use, and within a given adjustment interval, hesitant decision set is calculated as (3), shown at the bottom of this page.
Step 2: Obtain the negative ideal point in the hesitant decision set as
Next, calculate the distance between each decision scheme and the ideal negative point to obtain the relative distance matrix, given as (4), shown at the bottom of this page.
Step 3:
2n } as hesitation distances sets and define it as
According to the comparison method of hesitation distance, this study obtains
Then, it gets the best solution x by comparing
Step 4:
Then, the average composite attribute value for each attribute set is obtained. After that, denote l(c tij ) as the cardinal number of this attribute set. Then, the decision matrix is obtained as
Then, it gets
where j = 1, 2, 3, 4. Then, the comprehensive attribute values can be ranked in descending order to obtain the best solution x .
Step 5: By comparing x and x , overall evaluation and analysis of the decision results are gained.
IV. CASE STUDY A. RESEARCH PROBLEM
In this section, the data on the dangerous goods warehouse in Shanghai City is collected, and an example is proposed to verify the novel warehouse scheme optimization model. Suppose a logistics company needs to store a dangerous product and requires 34 positions, where the dangerous goods need to be manually packed or bundled on site during the storage operation. This study considers that there are four kinds of applications for the dangerous goods warehouse can be used. Specific details, please see Table 1 .
Due to the constraints that there can only be one operating forklift in one room at a single time, this study defines e 1 = 1, e 2 = 2, e 3 = 2, e 4 = 3. Assume that the speeds of
VOLUME 7, 2019 the forklift and the container truck are given as v 1 = 5km/h, v 2 = 15km/h. According to Through conducting site visits in dangerous goods warehouse in Shanghai Port, this study concludes that the normal width of the warehouse is 17.5m, the length is 48m, the width is 4m, the distance between container trucks is 12m, and the distance between the container trucks and the warehouse is 2m. Since only one forklift is allowed in a conventional two-door warehouse, the similarity between the forklift routes is zero. Hence, it gets that c sa1 = 1, c sa2 = 0.5785, c sa3 = 0.6188, c sa4 = 0.6188.
Then the decision matrix C 4×4 is obtained as 
B. DECISION-MAKING PROCESS
This study proceeds to select the best dangerous goods storage scheme in the conditions mentioned above.
Scenario A: There is no weight information on decisionmaking attributes
Step 1 Step 2: Using Eq. (1), the ideal negative point of each scheme is obtained as C max = (0.1762,1680,0.9798,1).
Step 3: Using Eq. (2), the distance between each decision scheme and the ideal negative point is obtained as 
Step 4: Let ω 1 = ω 2 = 1, then, it gets the relative distance value of the comprehensive attribute corresponding to each scheme under different weight vectors. Please see Figure 3 and Figure 4 for more details.
It can be seen from Fig. 3 and Fig. 4 that the comprehensive distance values of the four schemes are distributed in [0, 1.2] . The best scheme is type 3 by comparing the number of weight vectors.
Step 5: Give a sensitivity analysis of adjustment factors ω 1 , ω 2 . Given the adjustment interval of ω 1 is (0.8, 0.9, 1.0, 1.1, 1.2), for each scheme respectively, we are able to obtain the comprehensive attribute relative distance value under different adjustment factors and compare the distribution of comprehensive attribute relative distance value in [0,0. (1, 2, 3, 4) in the horizontal axis x represents the four given schemes, respectively. Horizontal axis 2 represents ω 1 that is equivalent to (0.8, 0.9, 1.0, 1.1, 1.2). The ordinate represents the proportion of the comprehensive relative distance value in the interval. Figure 5 and Figure 6 show that the ratio of the comprehensive attribute values corresponding to scheme 1 and scheme 2 are relatively large in this interval, and the proportion gradually decreases as the adjustment factor increases in the interval of [0,0.2] and [0.2,0.4]. Figure 7 indicates that the Scheme 3 and Scheme 4 accounts for a large proportion in [0.4,0.6], and as the adjustment factor increases, the proportion gradually reduces. Figure 8 and Figure 9 and Figure 10 show that Scheme 3 has the largest proportion in [0.8, 1.0] and [1.0, 1.2] , respectively. Overall, the adjustment of space cost only affects the ratio of the scheme in a certain interval and does not affect the comprehensive ranking of the scheme.
A sensitivity analysis for adjustment factors ω 2 is provided. Given that ω 2 is (0.8, 0.9, 1, 1.1, 1.2) for each scheme respectively, this study is able to calculate the comprehensive attribute relative distance values under different adjustment factors and evaluate the distribution of comprehensive Figure 11 to Figure 16 . Figure 11 and Figure 12 show that Scheme 1 and Scheme 2 account for a large proportion in the interval [0,0.2] and [0.2,0.4], but as the adjustment factor increases, the proportion decreases. Referring to Figure 13 , Scheme 3 has the largest ratio in the range of [0.4, 0.6], and as the adjustment factor increases, the proportion of scheme 1 and scheme 2 increases gradually while the proportion of scheme 3 and scheme 4 decreases. Figure 14 to Figure 16 Based on the above analysis, the adjustment of space and economic costs affect only the proportion of a particular scheme in the interval but does not affect the final ranking. Step 6: Obtain the weight vector using the conventional TOPSIS MADM as By comparing the comprehensive attribute values of each scheme, this study concludes that the third scheme is the best scheme, which is consistent with the results obtained by the method proposed in this study.
Scenario B: There is weight information on decisionmaking attributes.
Assume that in an economic environment, the weight vector given by the warehouse for the four schemes priority indicators is (0.2, 0.3, 0.4, 0.1). The hesitant comprehensive attribute distance set algorithm with parameters is applied to rank the scheme set. Step 1': Considering the instability of the room cost and oil price and thus the same attributes may have different values under the same scheme, the rent cost per room is assumed to be {400, 410, 420, 430, 440} , and the value of unit oil price to be {4.8, 5.4, 6, 6.6, 7.2} ., where the units of the above data are in yuan. According to the values, the hesitation decision matrix is achieved as C 4×4 , shown at the top of the next page.
Step 2': Calculate the ideal negative point in the hesitant decision set and gain the relative distance matrix by using the 
Step 4 Step 5': This study ranks the comprehensive distance of the four schemes as follows:
In sum, the decision results obtained are the same as those obtained by using the hesitant distance set. However, the classical method may not be ideal as decision information may be lost. Meanwhile, comprehensive analysis of various attributes is considered in the newly proposed method with hesitant fuzzy set.
V. CONCLUSIONS AND PROSPECTS
To conclude, the main work of this paper is to set up the decision-making model of the isolated doors in dangerous goods warehouses.
Firstly, a kind of decision-making framework is built when applying the isolated doors in interconnected dangerous goods warehouse.
Secondly, with the indicator weight not given, a multiattribute decision-making method based on the hybrid model of hypercube segmentation and TOPSIS theory is proposed.
Thirdly, when the indicator weight is given, a decisionmaking model with parameters can be modified making use of hesitant fuzzy sets.
Fourthly, sensitivity analysis is employed to study the indicators that affect the selection of different schemes involving the isolated doors and the influence of each indicator on the decisions. Additionally, sensitivity analysis and validation procedure have been provided by a series of figures.
Fifthly, simulations on different scenarios based on actual data from Shanghai Gangcheng Dangerous Goods Logistics Limited Company are conducted to prove that the models put forth is valid and feasible.
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